Barmah Forest virus (BFV) is a mosquito-borne alphavirus that infects humans. A 6-Å-resolution cryoelectron microscopy three-dimensional structure of BFV exhibits a typical alphavirus organization, with RNA-containing nucleocapsid surrounded by a bilipid membrane anchored with the surface proteins E1 and E2. The map allows details of the transmembrane regions of E1 and E2 to be seen. The C-terminal end of the E2 transmembrane helix binds to the capsid protein. Following the E2 transmembrane helix, a short ␣-helical endodomain lies on the inner surface of the lipid envelope. The E2 endodomain interacts with E1 transmembrane helix from a neighboring E1-E2 trimeric spike, thereby acting as a spacer and a linker between spikes. In agreement with previous mutagenesis studies, the endodomain plays an important role in recruiting other E1-E2 spikes to the budding site during virus assembly. The E2 endodomain may thus serve as a target for antiviral drug design.
Barmah Forest virus (BFV), a mosquito-borne alphavirus, was first isolated from a pool of Culex annulirostris mosquitoes collected in southeastern Australia in 1974 (23) . During the initial classification of BFV, it was observed that immune sera against the virus showed no cross-neutralization or cross-hemagglutination inhibition (HI) to other alphaviruses, but it did show low levels of HI cross-reactivity to a bunyavirus, Umbre virus. This led to a misclassification of the virus as bunyaviruslike (23) . However, further analysis of its life cycle (5) and the complete sequence of the BFV genome (18) have shown that it is an alphavirus in the Semliki Forest virus (SFV) clade.
BFV infection causes a mild disease in humans with symptoms similar to those observed in Ross River virus (RRV) infections: fever, rash, muscle tenderness, and polyarthritis (12) . Fever is typically self limiting and usually disappears within a week, but joint and muscle pain may persist for up to 6 months or longer, making BFV infection a major public health concern (12) . Since its discovery, there has been an increase in the number of reported cases throughout Australia (12) , due in part to the availability of better diagnostic tools and increased surveillance. At present, BFV has been the cause of outbreaks of human disease in Australia. Although the animal reservoir remains unknown, recent serological evidence suggests that horses or brushtail possums serve as amplification hosts (12) . Increases in travel and trade will undoubtedly heighten the risk that BFV is introduced to other continents.
Alphaviruses (Togaviridae: Alphavirus) are single-stranded positive-sense RNA viruses with a genome that encodes five structural proteins: capsid (or core), E3, E2, 6K, and E1 (15) . There are several three-dimensional (3D) cryo-electron microscopy (cryo-EM) reconstructions of alphaviruses, with two structures solved to 9-Å resolution, for SFV (22) and Sindbis virus (SINV) (24) . The 9-Å-resolution maps allowed an accurate placement of the crystal structures of ectodomains of E1, E2, and the C-terminal portion of the capsid protein, and their overall arrangement appears to be similar (24) . The virus particle is approximately 700 Å in diameter ( Fig. 1a and b) . The inside of the virion consists of a 10.5-kb single-stranded positive-sense RNA (18) . The genome is enclosed in a Tϭ4 icosahedral shell (1) assembled from 240 copies of capsid protein, forming the nucleocapsid (Fig. 1b) . A bilipid envelope, derived from the host plasma membrane, is sandwiched between the nucleocapsid and a glycoprotein shell that forms the surface of the virus (Fig. 1b) . Eighty spikes ( Fig. 1a ; also see Fig. 4 for a schematic diagram of a spike), each consisting of a trimer of heterodimers of E1 and E2 ectodomains, also arranged in Tϭ4 symmetry, form the outer shell of the alphavirus particle (19, 24) . The E1 ectodomain is involved in the fusion of the virus with the endosomal membrane during virus entry into host cells (8) , while E2 is involved in receptor binding and contains most of the neutralizing epitopes (11) . Each ectodomain is anchored in the lipid envelope by the C-terminal transmembrane helix.
Crystal structures of the E1 ectodomain from SFV (8, 30) , Chikungunya virus (CHIKV) (36) , and SINV (19) have similar structures. The E1 ectodomain (Fig. 2a) consists of three domains, named DI, DII, and DIII (8) . These domains consist mainly of ␤-sheets, with DIII observed to have a superimmunoglobulin fold. The tip of DII contains a fusion loop: a patch of several hydrophobic residues that is critical for the lipid membrane fusion during virus entry. Fitting the crystal structure of E1 into the cryo-EM map of SINV (24, 40) showed that the ectodomains of E1 lie tangentially to the lipid envelope, forming the outskirts of the spikes. The crystal structure of the postfusion E1 ectodomain (exposed to low pH and liposomes, mimicking the endosome environment during fusion) showed that it forms homotrimers (8) . In this state, the overall structure of each E1 monomer is nearly identical to the prefusion structure, except for a shift of DIII closer to the tip of DII. The structural organization of E1 is very similar to that of the E protein of flaviviruses (29) , even though they share little sequence similarity.
The crystal structures of the E2 ectodomain from SINV (19) and CHIKV (36) have been determined recently. They consist of three domains, denoted A, B, and C (Fig. 2a) , with domain B attached through a ␤-ribbon that wraps around domain A. In the E1-E2 heterodimer, domain B covers the fusion loop of E1; this interaction is disrupted when the virus is exposed to the low-pH environment of the endosome during fusion (19, 36) . The transmembrane region and the C-terminal endodomain of E2 have been studied by means of mutagenesis (9, 38, 39) . It was shown that the C-terminal end of the transmembrane helix is involved in the attachment of the nucleocapsid during virus budding, and the endodomain is critical for virus assembly.
Usually, E3 is present in immature virus only, where it binds to domain B of E2 and, probably, to the area around the fusion loop of E1 (36) . Presumably, its function is to hold domain B of E2 in place to keep the E1 fusion loop capped even in the low-pH environment of the trans-Golgi secretory network, preventing the newly synthesized E1 from fusing back into the cell. During maturation, E3 is cleaved off by furin protease, and E3 molecules dissociate from the virus surface when it leaves the host cell, producing infectious, fusion-competent virus.
The 9-Å resolution cryo-EM maps of SINV (24) and SFV (22) enable the precise positioning of the E1 and E2 ectodomains in the outer shell (19, 24, 36) . It also was possible to model and fit parts of the transmembrane regions of E1 and E2 into the cryo-EM maps. Although the endodomain at the end of the E2 transmembrane helix is known to be important for virus assembly (39), it has not been observed in any of the cryo-EM maps.
Here, we present a cryo-EM map of BFV determined to 6-Å resolution, a substantial improvement compared to that of previously published results. The end of the E2 transmembrane helix interacts with the capsid protein. Following the E2 transmembrane helix, the density of the E2 endodomain helix is observed to lie at the inner layer of the lipid envelope, and it apparently interacts with the E1 transmembrane helix from a neighboring spike. These observations, together with previous mutagenesis studies, demonstrate the importance of the E2 transmembrane helix and the endodomain in alphavirus assembly.
MATERIALS AND METHODS
Virus production and purification. All virus manipulations were carried out in biosafety level 2 laboratories using recommended procedures (35) . BFV strain BH2193 was isolated from Culex annulirostris mosquitoes in Barmah Forest, Victoria, Australia, in February 1974. The virus was passaged once in African green monkey kidney (Vero) cells and then used to infect baby hamster kidney (BHK-21) cells at a multiplicity of infection of 1 PFU/cell. Following the appearance of cytopathic effects, the cell culture medium containing 2% fetal bovine serum was harvested and clarified by centrifugation at 2,000 ϫ g for 10 min. Polyethylene glycol and NaCl then were added to 7 and 2.3% (wt/vol) concentrations, respectively, and the virus was precipitated overnight at 4°C. Following centrifugation at 4,000 ϫ g for 30 min at 4°C, the pelleted precipitate was resuspended in TEN buffer (0.05 M Tris-HCl, pH 7.4; 0.1 M NaCl; 0.001 M EDTA) and gently overlaid onto a 20 to 70% (wt/vol) continuous sucrose gradient in TEN. Following centrifugation at 270,000 ϫ g for 1 h, the virus band was visualized using white light and harvested with a Pasteur pipette. The harvested virus then was centrifuged four times through an Amicon Ultra-4 100-kDa filter (Millipore, Billerica, Massachusetts) at 4,000 ϫ g for 30 min, followed by resus- pension in 4 ml of TEN buffer at each step to remove residual sucrose. The final concentrated virus in 0.2 ml of TEN buffer was used for cryo-EM studies.
Cryo-EM image collection and processing. Three microliters of concentrated virus sample was layered onto Quantifoil grids covered with thin carbon, and then the solution was blotted with filter paper for 1 s and the grid flash-frozen in liquid ethane at 170 K using the FEI Vitrobot Mark IV plunger. Images were collected on a 300-kV JEOL JEM3200FSC electron microscope equipped with an energy filter at an effective magnification of 105,571 and an electron dose of 23 e/Å 2 . The images were recorded on a Gatan 4,000-by 4,000-pixel chargecoupled device (CCD) camera (resulting in a pixel size of 1.42 Å) with a range of underfocus values from 0.5 to 3 m. Overall, 760 images were collected; images that exhibited blurring due to drift and astigmatism were discarded. The contrast transfer function (CTF) parameters of the remaining images were estimated by using the program ctfit from the EMAN software package (21) . Images with Thon rings beyond 8-Å resolution were selected for further image processing.
Cryo-EM image reconstruction. Individual virus particle images were picked using the automated particle-picking program ETHAN (16), followed by visual inspection and the elimination of broken or deformed virus particles. A total of 9,585 particles were selected for image reconstruction. The images were normalized prior to the orientation search and 3D reconstruction. The orientation search was carried out with the multipath simulated annealing (MPSA) software (20) . This method simultaneously searches both the orientation and position of each image in Fourier space by minimizing the discrepancy of the common lines between the raw particle image and a set of projection references. A 3D map of VEEV (W. Chiu, unpublished data) was used as an initial reference model. For subsequent cycles, the map from the previous cycle was used as the reference model. Default parameters were used in the orientation search using the MPSA program, with the exception of the numbers of reference projections and the data resolution range in Fourier space. For the first two iterations, we used seven projections as references, and the data resolution range was set between 12 and 100 Å; once the model reached subnanometer resolution, we used 12 projections for further refinement, and the data range was set between 5 and 100 Å. To validate a found orientation for each particle image, MPSA did an orientation consistency check by conducting up to seven independent orientation search runs and only accepting the orientation if four of the results converged to the same orientation (within an error of 2 pixels in the center position and 1.5 degrees in orientation angles). Only particles that meet these criteria were used for 3D reconstruction in each cycle. On average, between 4,000 and 5,200 of the 9,565 images were selected during each cycle. The 3D reconstruction was carried out with the program make3d from EMAN. Both MPSA and make3d were adapted to run on NVIDIA Tesla computing hardware to speed up the processing time (with an ϳ100-fold increase in speed for MPSA and ϳ10-fold increase for make3d). The CTF was corrected during reconstruction by using a modification of a Wiener filtering scheme (13) . The resolution of the map resulting from each cycle was calculated using the program RMeasure (32) for speed and convenience. The final map resolution is 6 Å as measured using Fourier shell correlation of independent half-data sets, with a cutoff at 0.5 (see Fig. S1 in the supplemental material). This is also consistent with the observation of some amino acid side chain densities in the map.
Model building. The homology-based models were produced by using the MODELLER (6) program in Chimera (26) . The Protein Data Bank (PDB) code for the template structure used in homology modeling E1 is 2ALA, 2XFB for E2, and 1SVP for core protein. The initial fit into the density was done manually by 
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on June 28, 2017 by guest http://jvi.asm.org/ using Chimera and refined using Chimera's "fit in map" routine. The flexible fitting was carried out using the molecular dynamics flexible fitting (MDFF) protocol (34) in VMD (10) and NAMD (27) molecular dynamics modeling software. The flexible fitting was done for the modeled E1, E2, and C proteins simultaneously to ensure the agreement of the map fitting with intermolecular molecular interaction. A scale factor of 0.5 was used to weigh the contribution from the cryo-EM map in the overall potential energy of the molecular dynamic simulation. The simulation was run until the solutions had converged to a stable solution, as defined in the MDFF tutorial, after about 1,000,000 cycles. Protein structure accession numbers. The cryo-EM map was deposited in the Electron Microscopy Database under the accession number EMD-1886. The modeled protein structures were deposited in the PDB under accession code 2YEW.
RESULTS
The BFV cryo-EM map is shown in Fig. 1a and 1b . The virus has a diameter of approximately 700 Å. The overall structure is similar to that of other alphaviruses.
Homology models of the BFV capsid and E1 and E2 proteins were generated by the MODELLER protein software (6) using the crystal structures of SFV capsid protein (3), SFV E1 (30), and CHIKV E2 (36) as reference templates, respectively. Due to high levels of sequence identity (see Fig. S2 in the supplemental material), the discrepancies between structures of the modeled and template structures are small: the root mean square deviations between the corresponding C␣ backbone atoms was 2.2 Å for the core protein, 2.1 Å for E1, and 4.2 Å for E2 (see Fig. S3 in the supplemental material) .
The homology models of E1 and E2 (Fig. 2a) were fitted manually into the cryo-EM density as rigid-body structures (see Fig. S4 in the supplemental material) by following the previously established arrangement for SFV (36) . The fit was improved (see Fig. S4 ) using the molecular dynamics flexible fitting (MDFF) protocol (34) . The resultant structures fit well into the density structure (Fig. 2b) , with three E2 proteins forming the central protruding stalk of a spike surrounded by three E1 proteins lying on the periphery, an arrangement that is identical to that of other alphaviruses (19, 24, 36) . Domain B of E2 is observed to cap the fusion loop of the E1 protein (Fig.  2a) , similarly to the crystal structure of CHIKV E1 and E2 complex at neutral pH (36) .
The glycosylation pattern of E1 and E2 molecules of BFV is different from that of other alphaviruses. In the cryo-EM map, consistently with the sequence analysis, the E1 protein contains one glycosylation site at Asn141, similarly to SINV and SFV. Like SFV, BFV does not contain the glycosylation site on residue 245 that is present on SINV. In addition, BFV has a unique glycosylation site at Asn209 (Fig. 2c) (18) . The E2 protein of BFV has no glycosylation sites, whereas SFV and SINV have one and two sites, respectively.
The nucleocapsid consists of 240 copies of capsid protein. A homology model of the protein (Fig. 2a) was fitted (as described above for E1 and E2) into the density map (Fig. 2d) . Compared to the crystal structure, it was possible to model about 10 missing N-terminal residues going from the capsid toward the putative RNA binding region.
There are four copies of E1, E2, and capsid proteins in an asymmetric unit of the icosahedral BFV particle (see Fig. S5a in the supplemental material). The superposition of the four independently fitted molecules of each protein shows high similarity. For the E1 protein, contrary to SINV (24), which shows a small rotation of DIII relative to DI and DII of the E1 protein at the pentameric vertices compared to that of the other three E1 molecules, this rotation is not observed in BFV (see Fig. S5b ). The superposition of the four BFV E2 proteins shows some variation of the position of domain B, probably due to the high flexibility of its ␤-ribbon link (see Fig. S5c ). The superposition of the four capsid proteins shows that the C-terminal globular part is similar (see Fig. S5d ). However, the RNA-facing N-terminal parts are mostly disordered, except for the molecule close to the icosahedral 3-fold symmetry axis (Fig. 2d) .
The outer glycoprotein shell is connected to the nucleocapsid via E1/E2 transmembrane helices. Since no crystal structures of any alphavirus transmembrane region are available, the BFV E1/E2 transmembrane regions were modeled as ␣-helices by MODELLER (6) based on secondary-structure prediction results from the HNN Web service (4). The structures then were fitted into the cryo-EM density map, and the fit was optimized by MDFF (34) . The transmembrane ␣-helices of E1 and E2 are located at the edges of the triangular base of the E1/E2 spike, penetrating the 40-Å-thick lipid membrane. Each pair of helices from an E1-E2 heterodimer forms a coiled-coil structure (Fig. 3a) . E1 terminates after the transmembrane region and does not associate with the nucleocapsid. The distance between C␣ chains of the E2 transmembrane helix and the regions in the capsid protein hydrophobic pocket (Fig. 3b) is about 4 to 6 Å, indicating an interaction. Attached to the E2 transmembrane helix is the short helical endodomain (residues 408 to 421), which lies on the inner surface of the lipid envelope (Fig. 3a) . The distance between the centers of the endodomain to the E1 transmembrane helix from a neighboring spike is about 8 Å (Fig. 3c) , which indicates interaction.
DISCUSSION
BFV is an alphavirus and is most closely related to the Semliki Forest virus clade (28) . The sequence alignment of BFV with other alphaviruses shows amino acid identities of less than 59% in E1 and less than 45% in E2. The analyses of Venezuelan equine encephalitis virus (VEEV) (14, 25) , SINV (33) , and RRV (37) neutralization escape mutants suggest that neutralizing epitopes cluster at E2 domain B (equivalent to residues 169 to 250 of BFV). Sequence comparison of SINV, RRV, and VEE to BFV shows a lower level of similarity (23 to 30%) in domain B compared to that in the rest of the E2 molecule. In addition, domain B of other alphaviruses is glycosylated, whereas the whole of BFV E2 is not; this probably contributes to the low cross-neutralization activity of BFV antibodies to other alphaviruses.
The 6-Å-resolution cryo-EM structure shows intricate details and allows the identification of possible interactions between proteins in BFV. It was observed that the end of the E2 transmembrane region interacted with the capsid protein. This suggests that the E2 transmembrane region is involved in attracting the capsid to the budding site. Another new observation is a small helix density believed to be the endodomain at the end of the E2 transmembrane helix. The density of the endodomain has not been identified before in the cryo-EM maps of SINV and SFV (see Fig. S6 in the supplemental material). The E2 endodomain lies on the inner surface of the lipid envelope in close proximity to the C terminus of the E1 protein from a neighboring spike (8 Å between the centers of the helices), indicating possible interaction (Fig. 3c ). Prior to virus budding, the preassembled spikes are transferred to the plasma membrane, where they would interact with each other via ectodomains of E1 on the outside of the cell and via the E1 transmembrane helix and E2 endodomain on the cytoplasm side (Fig. 4) . Thus, the endodomain might be important in organizing E1-E2 spikes at the site of virus budding on the plasma membrane.
Several experiments involving mutating residues (7, 9, 39) in or near the E2 endodomain have indicated that this region is critical for virus assembly. Deletions of various amino acid residues in the endodomain result in the accumulation of preformed nucleocapsids (39) inside the cell with no infectious virus produced. The deletion of a single nonconserved residue (K391 in SINV, corresponding to V389 in BFV) near the end of the E2 transmembrane helix (9) (Fig. 3a) abolished virus production in mammalian cells. In our model of E2, the mutation would delete one residue inside the transmembrane ␣-helix, which is involved in interaction with the capsid protein. This deletion would lead to a shift and a twist of the C-terminal end of the transmembrane helix, thereby changing the orientation of the residues at the end of the helix as well as the position of the endodomain. This would interfere with the E2 endodomain interaction with neighboring spikes, disrupting virus assembly. Interestingly, this mutation did not seem to affect virus production in insect cells. Insect cells contain a smaller amount of cholesterol than mammalian cells, resulting in a thinner plasma membrane with a higher fluidity. This may allow some shift and rotation of the mutant E2 transmembrane helix, restoring the orientation of the E2 endodomain required for virus assembly. Both E1 (31) and E2 (17) in alphaviruses are known to have cysteines in their transmembrane regions that are palmitoylated (covalently bound fatty acid chains, usually palmitate or stearate). The E1 transmembrane has only one cysteine residue at position 436, and E2 has five: three in the transmembrane helix (positions 384, 387, and 394) (Fig. 3a) and two in the endodomain (positions 414 and 415) (Fig. 5a) . Mutagenesis studies with SINV show that substitutions of the residues equivalent to 414 and 415 in the endodomain of BFV lead to a failure of virus particles to assemble (7) . Also, the substitution of cysteine in a position equivalent to 394 in BFV led to a reduced rate of virus production as well as the release of aberrant particles, demonstrating again the importance of this modification. In our 6-Å-resolution map, the density next to Cys394 may correspond to part of the palmitate carbon chain (Fig. 5b) . However, the other palmitoylation sites on the E1 and E2 transmembrane helices show poorer electron densities (see Fig. S7 in the supplemental material) .
The attachment of long hydrophobic chains of fatty acids to cysteines is thought to help to anchor transmembrane helices within the membrane (2) . When the transmembrane helix is longer than the thickness of the membrane, palmitoylation helps the helix to adopt and stabilize a tilted position in the membrane (like the E1 and E2 transmembrane helices). In addition, palmitoylation will facilitate the positioning of a protein domain at the membrane surface following the transmembrane region, a situation observed for the E2 endodomain ( Fig.  3a and 5a) .
Our 6-Å-resolution cryo-EM structure of BFV shows some structural details that were not previously observed in lowerresolution alphavirus structures. In particular, we can place the endodomain at the end of the transmembrane region of E2, which interacts with other E1/E2 spikes. It appears that this interaction is important for recruiting assembled E1/E2 spikes for virus budding. Thus, the E2 endodomain may serve as an important target for drug design against alphaviruses. 
